Oxidation behavior and subsequent phase decomposition of Au-55 mol%Ti high temperature shape memory alloy are investigated for heating oxidation up to 1773 K in Ar-50 vol%O 2 using a simultaneous thermogravimetry combined with differential scanning calorimetry (TG-DSC). Au-55 mol%Ti powder specimen begins to be oxidized at 802 K and the oxidation reaction is most active at 1150 K. Since the oxidation start temperature is comparable to the martensitic transformation temperatures, the oxidation must be a problem for practical high-temperature long-term applications. An equilibrium phase reaction appears near 1346 K which is melting of Au produced by the reaction of AuTi + O 2 ¼ Au + TiO 2 . The oxidation reaction and products assessed by the TG-DSC measurement are in good agreement with those obtained by X-ray diffraction analysis.
Introduction
High temperature shape memory alloys (HTSMAs) have attracted strong attention for aerospace applications, for example. Lots of researches have been done, and some examples reported recently are noted here such as NiTiHf, 1) NiTiZr, 2) NiTiPd, 3) NiMnGa, 4) Ti-Ta-Al 5) and PtTi. 6) Our group has focused on AuTi based shape memory alloys for HTSMAs as well as biomaterials since both Au and Ti are biocompatible elements.
718) The Au-Ti binary phase diagram is shown in Fig. 1 . 19) AuTi is a Berthollide-type compound and the phase region expands to Ti-rich side widely in comparison with Au-rich side. The phase transition from B2 to B19 occurs at around 880 K. The martensitic transformation temperatures of AuTi alloys have been firstly reported by Donkersloot and Van Vucht in 1970 20) and also reported by other research groups. 7, 21) In the high temperature structural intermetallic compounds, generally, three important properties should be satisfied for practical applications and they are (1) room temperature ductility, (2) creep resistance (high temperature strength) and (3) oxidation resistance. In this paper, the oxidation resistance is focused on AuTi HTSMA. However, very limited papers have been available on oxidation of AuTi based alloys in the literature. Declairieux and Van Vucht have investigated high temperature shape memory behavior in addition to oxidation, and found that AuTi alloy exhibits higher oxidation rates than TiNi, but that AuTi alloy is promising at around 700 K. 22) Wadood and coworkers revealed the high temperature shape recovery behavior and oxidation of Zr-added AuTi in addition to binary AuTi using thermo-mechanical analysis, and concluded that oxidation is active at 873 K which is 100 K higher than the austenite finish temperature of Zradded AuTi, resulting that Zr-added AuTi is promising for practical HTSMA. 16) Not only oxidation resistance but also oxidation behavior itself is also important as a surface treatment, since a continuous, rigid and protective titanium oxide layer, which is expected to improve corrosion resistance, biocompatibility and wear resistance, can be formed at surface of Ti-based alloys. Based on the above background, the purpose of this study is quantitative understanding of the oxidation behavior and oxidation reaction of Au-55 mol%Ti powder in Ar-50 vol%O 2 using a simultaneous thermogravimetry combined with differential scanning calorimetry (TG-DSC). The powder specimen possesses larger specific surface area than bulk specimens, and the Ar-50 vol%O 2 is more severe oxidation environment than air. These experimental conditions must bring clear oxidation reaction.
Experimental Procedure
An Au-55 mol%Ti offstoichiometric alloy was selected. Fig. 1 The Au-Ti binary phase diagram. 19) This is partially because the alloy powder can be fabricated by mechanical crush in offstoichiometric Au-55 mol%Ti. Au-55 mol%Ti alloy was hard and brittle, while the stoichiometric AuTi is ductile and difficult to produce powder by mechanical crush. Au-55 mol%Ti is expected to be B2 single phase at above 1173 K. 19) Besides, the formation of Ti 3 Au second phase is slow in a near-eutectoid Ti-4 mol%Au alloy; the precipitation of Ti 3 Au is not recognized after the heat treatment at 1073 K for 3.6 ks but at 973 K for 86.4 ks.
23) The starting materials were 99.99% Au and Ti. An alloy ingot of 8 g was prepared by arc melting method in Ar-1%H 2 atmosphere using a nonconsumable W electrode. In order to homogenize the alloy, the alloy was hot-forged at 1423 K for 43.2 ks under 100 MPa in Ar atmosphere using carbon dies spray-coated by boron-nitride (BN) solid lubricant. The hotpressed disk-shape specimen was cut, mechanically polished and solution-treated at 1173 K for 3.6 ks in Ar followed by quenching into water. Then, the specimen was crushed into powder mechanically, and 25 mg powder with the powder size of about 150 µm was used for the measurement.
Oxidation test was done using a thermogravimetry combined with differential scanning calorimetry (TG-DSC, Netzsch STA449 Jupiter) in Ar-50 vol%O 2 atmosphere using high purity alumina crucibles. The heating and cooling rate was 0.33 K/s (20 K/min) and the temperature range was from room temperature (RT) to 1773 K. Ar-50 vol%O 2 mixed gas was purged at a rate of 0.167 ml/s (10 ml/min). After the oxidation, ª-2ª X-ray diffraction measurement (ª-2ª XRD, Philips X'Pert-Pro Galaxy equipped with X'celerator) was performed at RT using CuK¡ radiation operated at 45 kV and 40 mA. It should be noted that, by the DSC measurement in pure Ar environment, the martensitic transformation temperatures of the Au-55 mol%Ti alloy are: A f (austenite transformation finish temperature) = 799 K, A s (austenite transformation start temperature) = 775 K, M s (martensitic transformation start temperature) = 792 K and M f (martensitic transformation finish temperature) = 757 K. After the oxidation test, the specimen was observed by a scanning electron microscopy (SEM, Hitachi S-4300). Figure 2 show TG curves for heating oxidation of Au-55 mol%Ti. The derivative mass change of TG curves was also plotted in Fig. 2 . It was found that the mass increase starts at 802 K, and largely increases with increasing temperature. Then, the temperature of 802 K regards the oxidation start temperature, and it is relatively low in comparison with the reported oxidation start temperature of 930 K by Declairieux et al. 22) The difference must come from the specimen shape and atmosphere: powder of 150 µm and Ar-50 vol%O 2 in this study and the bulk specimen of 3 mm © 3 mm © 1 mm and air in Ref. 22 , respectively. This study employed more severe oxidation condition for the clear understanding of oxidation behavior by a short-time test. The maximum mass change rate in TG occurs at 1150 K. When the temperature exceeded 1300 K, a small bump is seen at around 1346 K. This corresponds to the melting point of Au (1337 K) and maybe thermal shock due to rapid melting causes the mass change. The details of Au formation will be described in the latter. When heated above 1346 K, the mass change was very small. The final mass gain measured was 15.2 4 % by taking into account the change of buoyancy. It should be noted that the apparent mass increases with increasing temperature, since the force of buoyancy decreases with decreasing the density of environment (here, Ar-50%O 2 ) by heating. During cooling down to RT, the sample mass as well as the derivative mass change is constant regardless of temperature. Figure 3 shows simultaneous DSC curves and corresponding derivative heat flow curves are also plotted. During heating, a large exothermic heat appears from 820 K, and the peak temperature is 1150 K. The exothermic heat corresponds to the large mass gain in the TG curve, then, the exothermic heat stands for the oxidation. The DSC peak temperature of 1128 K is in good agreement with the maximum mass increase temperature of 1150 K. Besides, at around 1350 K, an endothermic heat was seen. As described, the small bump in TG curve was observed at this temperature. Besides, during cooling, a corresponding exothermic heat was Derivative Heat Flow (arb.) observed at 1282 K. Then, this reaction is judged to be an equilibrium phase reaction. Based on the Au-Ti binary phase diagram, these temperatures are close to the melting point of Au being 1337 K. Further cooling down to RT, no reaction heat was seen. It should be noted that the martensitic and reverse martensitic transformation was not observed. Partially because the endothermic heat by reverse martensitic transformation of Au-55 mol%Ti was much smaller than the exothermic heat generated by oxidation. And also, it is well known that the martensitic transformation in NiTi becomes broadened by severe plastic deformation such as cold rolling 24, 25) and the martensitic transformation gradually occurs with changing temperature. This is because martensitic transformation is suppressed by lots of lattice defects such as dislocations. In this case, the phase reaction heat per kelvin (or per second) becomes very small and sometimes the reaction heat of largely deformed shape memory alloys is hardly detected by DSC. Then, similarly, we believe that the martensitic transformation was hardly detected in the AuTi powder specimen due to the large amount of lattice defects introduced by mechanical crush.
Results and Discussion

Mass change during oxidation
Heat flow during oxidation
As summarized in the above simultaneous TG-DSC measurement, the irreversible reaction of oxidation starts around 802820 K and becomes most active at 1150 K. The oxidation start temperature is almost comparable to the martensitic transformation temperatures (M f = 757 K, M s = 792 K, A s = 775 K and A f = 799 K). Then, oxidation must be a problem in AuTi for practical high temperature applications, especially for long-term use. The final mass gain is 15.2 4 %. The reversible reaction appears at the temperature close to 1337 K, which is close to the melting point of Au. The chemical reactions during the measurement will be discussed in the later.
Chemical reaction and oxidation products
When the constituent element Ti is oxidized, titanium oxides must be formed. When Ti atoms are supplied from AuTi, Ti atoms in AuTi are consumed for oxidation and Au atoms remain. Au is not active to oxygen and no oxide is formed. Then, the formation of Au or Au solid solution is expected after the complete oxidation of AuTi. If this speculation is accepted, the equilibrium phase reaction observed at 1328 K during heating must be the melting point of Au (1337 K). The small difference in reaction temperatures, 1328 K in DSC and 1337 K in the literature, can be explained by small amount of solute atoms, Ti, O and/or other impurities.
For the growth of titanium oxides, several kinds of intermediate phases exist including Ti n O 2n¹1 (n = 1³9) and TiO 2 , 26) and the formation of titanium oxides depends on temperature and oxygen pressure. 27, 28) Here, it is assumed that the titanium oxides formed by oxidation possess the stoichiometric compositions and that all the mass change is caused by the oxidation only without vaporization. Then, the following chemical reactions are accepted and the corresponding mass changes are in Table 1 .
AuTi ðAu-55 mol%TiÞ þ 0:55ð2n
AuTi ðAu-55 mol%TiÞ þ 0:55O 2 ! 0:45Au þ 0:55TiO 2 ð2Þ The calculated mass gains of Au-55 mol%Ti are, for example, 14.46% when Ti 9 O 17 (Ti n O 2n¹1 , n = 9) is formed and 15.31% when TiO 2 is formed. All the mass changes calculated are listed in Table 1 . By comparing the calculated and experimental mass gain, the mass gain of 15.31% is close to the experimental value of 15.2 4 %. Then, the titanium oxide formed is thought to be TiO 2 . When small amount of deficient oxygen is assumed in the formation of TiO 2 , the mass change corresponds to TiO 1.99 . Then, the titanium oxide formed here is assessed to be TiO 2 .
In order to confirm the reaction products after the oxidation test, ª-2ª XRD analysis was carried out using the oxidized sample, and the result is shown in Fig. 4 . It is found that fcc (Au) and rutile (TiO 2 ) coexist and that AuTi phase does not remain at all. The results of the phase analysis are in good agreement with the estimation based on TG-DSC measurement. Therefore, the final oxidation products of Au-55 mol%Ti are identified to be rutile (TiO 2 ) and fcc Au which are the stable phases in oxygen environment. The resultant chemical reaction of AuTi during heating oxidation is simply concluded as, Figure 5 shows SEM images of AuTi specimen after the TG-DSC measurement. As shown in Fig. 5(a) , the oxidized sample was composed of two kinds of particles. One is rough-surface particles with 10300 µm in size and the other is round-shaped particles with 10100 µm in size. The former particle is judged to be TiO 2 and the latter is Au. Figure 5(b) is an enlarged picture of a rough-surface particle of TiO 2 . Several grains are attached each other in the particle. This must be due to sintering progressed during the measurement as well as grain-growth, since the maximum temperature in the TG-DSC measurement was 1773 K.
Au/TiO 2 ultrafine particles are known to catalyze the oxidation of carbon monoxide. 29) Then, there is a possibility to appear novel functions such as a catalyst in AuTi other than high temperature shape memory effect, if nano-sized particles are formed by oxidation at low temperature. And also, in order to apply AuTi for practical high temperature use, isothermal oxidation behavior around martensitic transformation temperatures should be revealed.
Conclusions
(1) The oxidation starts at 802 K in Au-55 mol%Ti alloy, and the oxidation reaction is most active at 1150 K. 
